BN interfacial layer is to act as a weak, crack-deflecting phase, while that of the SiC overcoat is to act as a barrier to diffusion of boron from BN into the BSAS oxide matrix and also to diffusion of matrix elements into the fiber. The fiber/matrix interface was characterized by microscopy and also by fiber push-through tests. The polyvinyl alcohol (PVA) sizing on the as-received fibers was burned off in air by passing through a tube furnace.
II. MATERIALS AND EXPERIMENTAL METHODS

Polymer
The fiber-reinforced composites were fabricated by impregnation of the fiber tows with the matrix slurry as described earlier. _ The precursor to the celsian matrix of 0.75BaO-0.25SrO-A1203-2SiO2 composition was synthesized by a solid-state reaction method as reported elsewhere. 3 The precursor powder consisted 3 of mainly SiO2 (a-quartz) and BaA1204 phases with small amounts of Ba2SiO4, o_-A1203, and Ba2SrzA1207 also present. This powder was made into a slurry by dispersing in an organic solvent and ball milling along with various organic additives which acted as binder, surfactant, deflocculant, and plasticizer. Tows of BNSiC coated or as-received, but desized, Hi-Nicalon fibers were spread using rollers and coated with the matrix precursor by passing through a slurry. Excess slurry was squeezed out of the fiber tow before winding it (26 fiber tows/inch) on a rotating drum. The prepreg tape was allowed to dry and cut to size. Unidirectional fiberreinforced composites were prepared by prepreg tape lay up (12 plies) and warm pressing which resulted in a "green" composite. The fugitive organics were slowly burned out of the sample in air, followed by hot pressing under vacuum in a graphite die. The resulting composites were almost fully dense. The oxide precursor was converted into the desired monoclinic celsian phase in situ during hot pressing. The hot-pressed, fiber-reinforced composite panel was surface polished and sliced into test bars (-50.4 mm × 6.4 mm x 1.9 mm) for mechanical testing.
X-ray diffraction (XRD) patterns were recorded at room temperature using a step scan procedure (0.02°/20 step, time per step 0.5 or 1 s) on a Philips ADP-3600 automated diffractometer equipped with a crystal monochromator employing Cu K,_ radiation. Density was measured from dimensions and mass as well as by the Archimedes method. Microstructures of the polished cross sections and fracture surfaces were observed in an optical microscope as well as by a JEOL JSM-840A scanning electron microscope (SEM). Prior to analysis, a thin carbon coating was evaporated onto the SEM specimens to provide for electrical conductivity.
Mechanical properties were determined from stressstrain curves recorded in three-point flexure using an Instron machine at a crosshead speed of 0.127 cm/min (0.05 in./min) and support span (L) of 40 mm. Strain gauges were glued to the tensile surfaces of the flexure test bars. The first matrix cracking stress was calculated from the stress-strain curves where the curve deviates from linearity. The elastic modulus of the composite was determined from the linear portion of the stressstrain curve.
Fiber push-through tests were performed using a desktop apparatus previously described, u but with the addition of a pair of capacitance displacement gauges for displacement measurements. Thin sections of the cornposites, cut normal to the fiber axis with a diamond saw, and polished down to a 0.1 /zm finish on both top and bottom faces were tested. Fibers aligned above 300/zm wide channels in the sample support were pushed with a conical diamond indenter (70°included angle) with a 10 #m diameter flat base. Load-displacement and acoustic emission measurements were collected at 50 ms intervals by a computer. The push-through curves consisted of applied load plotted versus measured displacement (averaged from two symmetrically placed capacitance gauges). Over 20 fibers, selected from different regions of the specimen, were pushed out. Tests were performed at room temperature in ambient atmosphere (relative humidity -50%).
III. RESULTS AND DISCUSSION
A. Microstructural analysis SEM micrographs taken from the polished cross sections of the unidirectional composites containing uncoated and the BN-SiC coated Hi-Nicalon fibers are shown in Fig. 1 . Uniform fiber distribution and good matrix infiltration within the fiber tows, as evident in Fig. 1 , result in high composite density. Occasional pores, particularly within the fiber tows, are present. The manufacturer reports an average fiber diameter of -14/zm, but a large variation in the diameter of the filaments within a fiber tow can be seen. The SiC surface coating has been detached from some of the fibers during metallography or composite processing, which may lead to adverse reactions between the fibers and the oxide matrix at high temperature resulting in strong fibermatrix bonding.
XRD patterns taken from the polished surface of the hot pressed composites indicated the presence of monoclinic celsian as the only crystalline phase. This implies that the desired, thermodynamically stable, monoclinic celsian phase is formed in situ, from the mixed oxide precursor, during hot pressing of the composite. The undesired hexacelsian phase was not detected from XRD. However, the presence of a second matrix phase, not yet identified, is evident from the micrographs of Fig. 1 . The fraction of this phase should be less than -5% as it was not detected by XRD.
B. Mechanical properties
The fiber volume fraction in the hot-pressed composite panels was calculated to be 0.42-0.45. Typical stress-strain curves recorded in three-point flexure of the composites reinforced with uncoated and BN-SiC coated Hi-Nicalon fibers are shown in Figs. 2 and 3 , respectively. The stress-strain curve for a hot-pressed BSAS monolith is also shown for comparison.
The monolith shows a modulus of 96 GPa, flexural strength of 131 MPa, and fails in a brittle mode as expected.
.
- shear stress along the length of the fiber/matrix interface when the entire length of the fiber is sliding. Further detailed analysis of cyclic fiber push-in tests of much thicker specimens is now being carried out and the results will be reported elsewhere. constant. The increase in rrri_t_o, with continued fiber sliding for the BN-SiC coated fiber-reinforced composite suggests the occurrence of interfacial wear during fiber sliding. 2°A buildup of wear debris between the sliding fiber and matrix would tend to make fiber sliding increasingly difficult. This explanation is supported by SEM micrographs (Fig. 7) of the pushed-in coated fibers that consistently showed debris along the exposed matrixhole-wall resulting from the tearing/shredding of the fiber coating. In contrast, inspection of the pushed-in uncoated fibers in the SEM (Fig. 8) showed no such debris.
Results in
There was no strong reaction between the uncoated Hi-Nicalon fibers and the BSAS matrix during processing, as supported by the modest applied stresses required to initiate fiber debonding (Table II) as well as the clean fiber/matrix separation observed in SEM micrographs of pushed-through fibers. Because the subtle differences in fiber/matrix bonding in the two composites cannot explain the low strength and flat fracture surface of the uncoated fiber-reinforced composite, the possibility of fiber degradation from mechanical surface damage during processing was investigated. While the BN-SiC dual layer was applied to promote a weak interface, this coating may more importantly protect the fiber surface from mechanical damage during processing. To substantiate this, tensile strengths of the fibers extracted from the composites by leaching away the matrix in HF acid were measured. 21 The BN/SiC coated fibers extracted from the FRC gave a tensile strength of 2.38 _+ 0.4 GPa whereas the uncoated fibers fragmented into sinai] pieces during extraction. In contrast, as-received Hi-Nicalon fibers after a similar treatment with HF acid showed no strength degradation. These results confirm that the uncoated Hi-Nicalon fibers have suffered severe mechanical damage during composite processing. In comparison, unidirectional Hi-Nicalon (uncoated) fiberreinforced lithium aluminosilicate (LAS) glass-ceramic composites containing 50 vol % fibers and processed at 1360°C for 40 min exhibited 22 room temperature threepoint flexural strength of 1158 MPa. The fibers extracted from the composite by dissolving away the LAS matrix in HF acid showed only 20-25% reduction in tensile strength. 22 Similar strength loss has also been observed for Ceramic Grade Nicalon fibers extracted from LAS glass-ceramic matrix composites. 23 The large difference observed in the strengths of the LAS and BSAS matrix composites reinforced with uncoated Hi-Nicalon fibers is due to the differences in the processing of the two composites. The LAS composites are hot pressed for a short time just above the melting point of the matrix, making use of the viscous flow of glass for densification.
IV. SUMMARY OF RESULTS
-, Uncoated and BN-SiC coated Hi-Nicalon fiberreinforced monoclinic celsian matrix composites have been produced by impregnation
Of the matrix slun'y into fiber tows followed by hot pressing. Almost fully dense unidirectional composites containing 42-45 vol % of fibers have been obtained.
The uncoated fiberreinforced composites exhibited monolithic-like failuTe with three-point flexural strength of 180-245 MPa. In contrast, the composites containing coated fibers showed gracefu ! failure with a first matrix cracking stress of 435 _+ 35 MPa and an ultimate strength-_s high as 960 MPa. Values of the elastic Young's modulus were measured to be _184 and _165 GPa for the composites containing uncoated and BN-SiC coated fibers, respectively. No chemical reaction Was observed between the fiber and the matrix during composite processing as indicated by modest stresses required to initiate fiber debonding as well as clean and smooth surfaces of the pushed out fibers.
V. CONCLUSIONS AND FUTURE RESEARCH
It may be concluded that reinforcement of the monoclinic celsian with BN-SiC coated Hi-Nicalon fibers results in strong, tough, and almost fully dense composites. However, reinforcement with the uncoated HiNicalon fibers yields a weak composite material due to severe strength degradation of the fibers from mechanical surface damage during hot pressing. While both the uncoated and BN-SiC coated fibers provide a weak interface, the BN layer is needed to protect the fibers from mechanical damage. The increased frictional sliding stresses observed for the BN-SiC coated fibers will result in a more effective load transfer from the matrix to the fiber.
Future research will involve the investigation of the mechanical properties (tensile strength, creep, fatigue, etc.) of unidirectional and cross-ply Hi-Nicalon/BN/SiC/celsian composites at elevated temperatures in air and inert environments. The effects of high temperature annealing on room temperature residual strength and fiber-matrix interface bonding will also be studied.
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